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The assembly of the mammalian sperm ¯agellum is a complex developmental event requiring the sequential activation
of genes encoding the component parts and the coordinated assembly of these proteins during the differentiation of
the haploid spermatid. In this study, the mechanism underlying the assembly of the ®brous sheath surrounding the
axoneme was examined. The subject of the study was the major ®brous sheath protein of the mouse sperm ¯agellum,
AKAP82, a member of the A Kinase Anchor Protein (AKAP) family of polypeptides that bind the regulatory (RII)
subunit of protein kinase A (PK-A). Immunoelectron microscopy demonstrated that AKAP82 is present throughout
the transverse ribs and longitudinal columns of the ®brous sheath. Since AKAP82 is initially synthesized as a precursor
(pro-AKAP82) during spermiogenesis, an antiserum was raised against a peptide from the processed region of pro-
AKAP82 (Mr 97,000). In immunoblotting experiments, the antibody detected pro-AKAP82 in condensing spermatids
but not in epididymal sperm. In addition, two other immunoreactive proteins of Mr 109,000 (p109) and Mr 26,000 (p26,
representing the ``pro'' domain of the precursor) were present in epididymal sperm. Alkaline phosphatase treatment of
epididymal sperm proteins demonstrated that p109 was a phosphorylated form of pro-AKAP82 that remained in sperm.
By immuno¯uorescence, pro-AKAP82 was localized to the entire length of the principal piece in testicular sperm,
while in epididymal sperm p109 and p26 were present only in the proximal portion of the principal piece. Pro-AKAP82
was solubilized when germ cells were extracted with Triton X-100. However, in sperm, both AKAP82 and p109 were
almost totally resistant to these extraction conditions and remained in the particulate fraction even after extraction
with Triton and dithiothreitol. Similar to pro-AKAP82, the RII subunit of PK-A was present in the Triton X-100-
soluble fraction of developing germ cells. In sperm, much of the RII also became particulate, consistent with the
hypothesis that AKAP82 anchors RII in the ¯agellum. These data indicate that pro-AKAP82 is synthesized in the
cell body, transported down the axoneme to its site of assembly in the ®brous sheath, and then proteolytically clipped
to form mature AKAP82. q 1997 Academic Press
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INTRODUCTION for the sperm to reach and penetrate the investments sur-
rounding the egg. The motor of the ¯agellum is the axoneme
The ¯agellum of a mammalian sperm is an important and which spans the entire length of the tail and is composed
complex structure that provides the motile force necessary of the characteristic ``9 / 2'' microtubular structure and
associated proteins. Morphologically, three segments of the
¯agellum can be distinguished. The midpiece and the prin-1 To whom correspondence should be addressed at Center for
cipal piece are characterized by the presence of speci®c ac-Research on Reproduction and Women's Health, Department of
cessory structures not found in ¯agella of invertebrateObstetrics and Gynecology, University of Pennsylvania Medical
sperm or cilia of somatic cells (Fawcett, 1975; Oko andCenter, 306 John Morgan Building, 3620 Hamilton Walk, Philadel-
Clermont, 1990). In the midpiece, these accessory struc-phia, PA 19104-6080. Fax: (215)-349-5118. E-mail: ggerton@obgyn.
upenn.edu. tures are the mitochondrial sheath (MS) and the outer dense
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®bers (ODF). In the principal piece, the ®brous sheath (FS) the transport of FS components to their site of assembly
without premature aggregation or deposition. Previously,replaces the mitochondrial sheath. ODF 3 and 8 are also
substituted by the two longitudinal columns of the FS that we showed that AKAP82 is synthesized during spermiogen-
esis as a Mr 97,000 precursor (pro-AKAP82, formerly calledare interconnected by numerous transverse ribs that em-
brace the remaining ODF and axoneme along the length of p97) (Carrera et al., 1994). Since assembly occurs in a distal-
to-proximal direction toward the sperm head (Irons andthe principal piece. The end piece, the terminal segment of
the ¯agellum, lacks accessory structures associated with Clermont, 1982a), the ``assembly-competence'' model pre-
dicts that a ``transportable'' form (e.g., pro-AKAP82) is syn-the axoneme. Proper assembly of the axoneme and its acces-
sory structures is crucial for subsequent motility of the thesized in the spermatid, transported to the site of FS as-
sembly in the distal region of the ¯agellum, and then pro-sperm, although mechanisms regulating ¯agellar biogenesis
have not been elucidated. cessed to the mature AKAP82.
In this study, we tested the assembly-competence hy-Previously, we isolated cDNA clones encoding the major
FS protein (AKAP82, formerly called p82) and demonstrated pothesis for ¯agellar biogenesis. By immunoelectron mi-
croscopy, we localized AKAP82 throughout the longitudi-that it is a functional A Kinase Anchor Protein (AKAP)
(Carrera et al., 1994). AKAPs tether cAMP-dependent pro- nal columns as well as the transverse ribs along the length
of the principal piece. Using an antiserum directed againsttein kinase A (PK-A) via its regulatory (RII) subunit and,
thus, can sequester the kinase in close proximity to its phys- a peptide from the ``pro'' domain of pro-AKAP82, we found
that the precursor was present along the length of the FS ofiological substrates (Coghlan et al., 1993; Rubin, 1994;
Mochly-Rosen, 1995). Considering that the initiation and the developing ¯agellum. In mature sperm, immunoreactiv-
ity with this antibody was also detected but it was con®nedmaintenance of sperm motility is regulated by a cascade of
cAMP-dependent phosphorylation/dephosphorylation events to the proximal region of the principal piece indicating that
processing occurred in a distal-to-proximal direction. In(Tash and Means, 1982; Brokaw, 1987; Tash et al., 1988;
Tash and Bracho, 1994), the identi®cation of a protein that contrast, RII was con®ned to the midpiece of late sperma-
tids but was found throughout the ¯agellum of epididymaltethers PK-A to the FS is signi®cant. The importance of
such an anchoring mechanism for PK-A has been empha- sperm suggesting that pro-AKAP82 is not responsible for the
transport of RII to the FS. The Mr 109,000 protein previouslysized by studies demonstrating that FS sliding along the
axoneme in a demembranated ¯agellum model is cAMP- found to cross-react with anti-AKAP82 (Carrera et al., 1994)
was determined to be a phosphorylated form of pro-AKAP82dependent (Si and Okuno, 1993). These results suggest that
the attachment of the longitudinal columns of the FS to that remained in sperm, presumably in the proximal region
of the principal piece. In addition, some of the pro domainmicrotubular doublets of the axoneme may function to
regulate the ¯agellar beat via a phosphorylation-dependent removed by proteolytic processing of pro-AKAP82 remained
as a Mr 26,000 protein in mature sperm. The detergent solu-mechanism.
The assembly of the sperm ¯agellum poses interesting bility properties of pro-AKAP82, AKAP82, and RII in germ
cells and mature sperm are also consistent with the progres-cell biological questions. The biogenesis of the mammalian
¯agellum is a sequential process, beginning early during sive deposition of the ®brous sheath and an RII-anchoring
role for AKAP82.spermiogenesis with the elaboration of a primary ¯agellum,
i.e., a simple axoneme enveloped by a plasma membrane
(Irons and Clermont, 1982a). The primary ¯agellum is so
thin that ribosomes and organelles are excluded from it, EXPERIMENTAL PROCEDURES
implying that proteins destined for the maturing ¯agellum
must be synthesized in the spermatid cell body and then Spermatogenic Cell Isolation
transported to their sites of assembly by a process which is
Pachytene spermatocytes, round, and condensing spermatidsunknown at this time. Early in spermiogenesis, anlagen of
were prepared from adult CD-1 mouse (Charles River Laboratories,the FS begin to be deposited near the distal tip of the pre-
Wilmington, MA) testes as described previously (Romrell et al.,sumptive principal piece and assembly proceeds proximally
1976; BellveÂ et al., 1977). The pachytene spermatocyte and round
toward the cell body (Irons and Clermont, 1982a). ODF, on spermatid populations were 85% pure, while the third popula-
the other hand, begin to assemble at the head±tail junction tion consisted of 40±50% condensing spermatids, an approxi-
(connecting piece) and continue to be laid down in a proxi- mately equal number of anucleated residual bodies, and some round
mal-to-distal direction (Irons and Clermont, 1982b). Fur- spermatids (10%). Sperm were obtained from the caudae epididy-
mides.thermore, the postmeiotically expressed AKAP82 gene is
encoded on the mouse X chromosome (Moss et al., 1997);
this requires the AKAP82 mRNA and/or protein to be
Flagellar Accessory Structure Isolationshared among conjoined X- and Y-bearing spermatids of a
clonal syncytium via the intercellular bridges formed by SDS-resistant tail structures were isolated as described pre-
incomplete cytokinesis (Weber and Russell, 1987). viously (O'Brien and BellveÂ , 1980), dissolved in SDS sample buffer
In considering the conundrum of transport vs assembly, containing 40 mM dithiothreitol (DTT), and heated to 1007C for 5
min. Protein concentrations were determined by the Amido blackwe hypothesized that there must be a mechanism to allow
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assay (Schaffner and Weissman, 1973). For some experiments, in- taining 3% (w/v) BSA for 1 h at room temperature and then used
to probe the immunoblots as described above.tact mouse epididymal sperm were collected and placed directly
into SDS sample buffer containing DTT.
Indirect Immuno¯uorescence of Mouse Germ Cells
and SpermImmunological Reagents
To prepare testicular sperm with intact ¯agella, adult testes wereAnti-AKAP82 has been used previously and recognizes both pro-
decapsulated and minced in PBS with a razor blade. The germ cellsAKAP82 and AKAP82 (Carrera et al., 1994). An antiserum against
were passed through an 80-mm mesh ®lter, collected, and washedrecombinant RIIa was used for some of the experiments (Chen et
3 1 5 min in PBS. Both the testicular germ cells and the spermal., 1997). To prepare an antiserum against the pro domain of pro-
prepared from the caudae epididymides were attached to glass slidesAKAP82, a peptide (DYSKIPSEN, residues 137±145) was synthe-
by allowing the cells to sediment for 15 min, ®xed with 4% (w/v)sized with a cysteine added to the N-terminus. The peptide was
paraformaldehyde in PBS for 15 min, and then permeabilized withconjugated to KLH via the cysteine and used to immunize two 0207C methanol for 2 min. The samples were blocked with 10%rabbits (ImmunoDynamics, Inc., La Jolla, CA). Antisera were char-
(v/v) goat serum in PBS for 30 min and then incubated with anti-acterized by immunoblotting using protein extracts from condens-
DYSKIPSEN (1:100) in PBS containing 10% (v/v) goat serum for 60ing spermatids as the source of pro-AKAP82. A portion of the anti-
min at 377C in a moist chamber. After washing 31 5 min with PBS,serum was puri®ed by af®nity chromatography on a matrix of thio-
the samples were incubated with goat anti-rabbit IgG conjugated topropyl-Sepharose 6B (Pharmacia Biotech, Inc., Piscataway, NJ)
FITC (Zymed Laboratories, Inc., South San Francisco, CA) (1:100)conjugated to the peptide. The puri®ed antiserum was eluted with
for 60 min at 377C in a moist chamber. The samples were washed,0.5 M glycine/HCl, 0.15 M NaCl, pH 2.5, neutralized, and dialyzed
stained with Hoechst 33258 (10 mg/ml) for 2 min, washed again,in PBS.
and mounted with Fluoromount G (Fisher Laboratories, Pittsburgh,
PA). For the preabsorption experiments, the antiserum (1:100) was
incubated with the DYSKIPSEN peptide (1 mg/ml) in PBS±10%Electron Microscopic Immunocytochemistry
(v/v) goat serum for 1 h at room temperature and then incubated
with the samples as described above. Fluorescence was viewed withMouse sperm were obtained from the caudae epididymides and
a Zeiss Photomicroscope III equipped with epi¯uorescence andwere washed twice by centrifugation for 5 min at 300g and resus-
photographed with Kodak T-Max P3200 ®lm.pension in PBS. Sperm were ®xed in 0.2 M cacodylate buffer (pH 7.4)
containing 2% (w/v) paraformaldehyde for 1 h at 47C, dehydrated in
an increasing series of ethanol treatments, and embedded in LR
In Vitro Dephosphorylation of Pro-AKAP82 andGold resin (Polysciences, Fort Washington, PA). Grids were incu-
AKAP82 by Alkaline Phosphatasebated in blocking buffer [Tris-buffered saline (TBS: 20 mM Tris±
HCl, pH 7.5, 0.5 M NaCl) containing 10% (v/v) normal goat serum] Mature epididymal sperm were isolated in cold PBS, washed
for 30 min at room temperature and were subsequently incubated twice, and then resuspended in sonication buffer [10 mM Tris/HCl,
in blocking buffer containing a 1:100 dilution of either anti- pH 7.4, leupeptin (10 mg/ml), aprotonin (25 mg/ml), pepstatin (10
AKAP82 or preimmune rabbit serum overnight (16 h) at 47C. mg/ml), 1 mM EDTA]. The samples were sonicated (setting of 40
Following three washes in TBS, grids were incubated in blocking on a 50-W Vibracell Model VC-50) continuously for 10 s to sepa-
buffer containing 18 nm colloidal gold conjugated to a goat anti- rate tails from heads. The majority of the heads (as assessed by
rabbit IgG antibody (Jackson Immunoresearch Laboratories, West light microscopy) were removed by a momentary spin (1 s) in a
Grove, PA) diluted 1:50. After washing three times in TBS, all grids ®xed-speed (12,000 rpm) microcentrifuge. A 30-ml aliquot of the
were ®xed and counterstained with 1% osmium tetroxide followed lysate containing an enriched population of fragmented tails was
by aqueous uranyl acetate. Specimens were observed and photo- added to a dephosphorylation cocktail [0.1 mM MgCl2, 0.1 mM
graphed using a Phillips 201 transmission electron microscope. ZnCl2, 1 mM DTT, 60 mM Tris (pH 7.4)] containing 70 units of
alkaline phosphatase (147 units/ml, Sigma Chemical Co., St. Louis,
MO). The samples were treated with alkaline phosphatase over-
Immunoblot Analyses of Spermatogenic Cells night at room temperature. In control experiments, 1 mM sodium
vanadate was added to inhibit alkaline phosphatase activity. To
Proteins from puri®ed spermatogenic cells, epididymal sperm,
stop the reaction, SDS sample buffer containing 40 mM DTT was
and SDS-resistant sperm tail fractions were separated under reduc-
added and the samples were heated to 1007C for 2 min. The proteins
ing conditions by SDS±PAGE on a 10% (w/v) polyacrylamide gel
from the treated lysates, isolated condensing spermatids, and whole
and electrophoretically transferred to nitrocellulose membranes
sperm were separated by SDS±PAGE on an 8% (w/v) polyacryl-
(BA45; Schleicher and Schuell, Keene, NH) (Laemmli, 1970; Tow-
amide gel, transferred to nitrocellulose, and probed with either anti-
bin et al., 1979). Following blocking in PBS containing 10% (w/v)
DYSKIPSEN or anti-AKAP82.
®sh gelatin, the blots were probed for 1 h with anti-DYSKIPSEN
(1:1000) in PBS containing 0.1% (v/v) Tween 20 and 3% (w/v) BSA.
The blots were washed 3 1 10 min with PBS containing 0.2% Detergent Extraction of Germ Cells and Sperm
(v/v) Tween 20, incubated for 1 h with donkey anti-rabbit IgG con-
jugated to HRP (Jackson Immunoresearch Laboratories), washed Testicular germ cells were mechanically dissociated in the ab-
sence of collagenase and trypsin to preserve their attached ¯agella.again, developed using an ECL kit (Amersham Corp., Arlington
Heights, IL), and then exposed to Re¯ection (New England Nuclear, Equal numbers (1 1 106) of the germ cells and cauda and caput
sperm were incubated in 100 ml of extraction buffer [PBS containingBoston MA) ®lm. For the preabsorption experiments, the antiserum
was incubated with the DYSKIPSEN peptide (1 mg/ml) in PBS con- 0.1% (v/v) Triton and a protease inhibitor cocktail (10 mg/ml leu-
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FIG. 1. Electron microscopic immunolocalization of AKAP82 in a cross-section (A) and a longitudinal section (B) of mature mouse
epididymal sperm. AKAP82 immunoreactivity was detected throughout the entire ®brous sheath (FS), including the longitudinal columns
(LC) and transverse ribs (TR). No immunostaining was detected over the outer dense ®bers (ODF) or the axoneme (AX). Control sections
prepared with preimmune rabbit serum (C) showed no nonspeci®c immunoreactivity. Bar  0.2 mm.
peptin, 25 mg/ml aprotonin, 10 mg/ml pepstatin, 1 mM EDTA in pro-AKAP82 and AKAP82 precursor±product relationship
10 mM Tris±HCl, pH 7.4)] at room temperature for 10 min. The further and to determine the fate of the processed pro do-
cells were pelleted and the supernatants were saved. Each pellet main peptide, an antiserum was generated against a peptide
then was incubated in 100 ml of the extraction buffer with 40 mM corresponding to residues 137±145 (DYSKIPSEN) of the pro-
DTT at room temperature for 10 min. After centrifugation, the cessed region of pro-AKAP82 (Fig. 2). This antiserum (anti-
supernatants were saved and the pellets were resuspended (100 ml)
DYSKIPSEN) was necessary since anti-AKAP82 was madein 11 SDS sample buffer containing 40 mM DTT. A 51 SDS sample
against the mature protein (residues 180±840 of pro-AKA-buffer solution was added to the two supernatants to a ®nal concen-
P82) and, thus, does not recognize determinants in the protration of 11 (1 M DTT was added to ®rst supernatant to a ®nal
domain of pro-AKAP82. Using anti-DYSKIPSEN, immu-concentration of 40 mM). The supernatants and pellet were boiled
for 5 min and equal volumes were resolved by SDS±PAGE and noblot analysis of extracts from isolated populations of
analyzed by immunoblotting. mouse spermatogenic cells identi®ed a single Mr 97,000
polypeptide present only in condensing spermatids (Fig. 3A).
These results were similar to that seen by Carrera et al.
RESULTS (1994) when proteins from spermatogenic cells were probed
with anti-AKAP82. Preabsorption of anti-DYSKIPSEN with
AKAP82 Is Present in the Longitudinal Columns the peptide abolished the immunoreactivity, demonstrating
and Transverse Ribs of the Mature Sperm that the antiserum reacted speci®cally with the DYSKIP-
Fibrous Sheath SEN peptide sequence of the pro region of pro-AKAP82
(Fig. 3B).The ®brous sheath is a complex macromolecular assem-
As would be predicted from previous studies with anti-bly (Oko and Clermont, 1990). Previous studies localized
AKAP82, anti-DYSKIPSEN did not detect a Mr 97,000 bandthe rat Mr 75,000 FS protein (probably the rat AKAP82 ho-
corresponding to pro-AKAP82 nor was AKAP82 identi®edmologue) to both the ribs and columns of the ®brous sheaths
in protein extracts of epididymal sperm or an FS-enrichedof developing spermatid ¯agella but it was unclear whether
SDS-resistant tail fraction. However, a Mr 109,000 polypep-this protein was present in both FS domains of mature
tide (p109) was detected by anti-DYSKIPSEN (Fig. 3A). Thesperm (Clermont et al., 1990). As demonstrated in Fig. 1,
fact that p109 also was detected by anti-AKAP82 and capa-immunoelectron microscopy demonstrated that AKAP82
ble of binding the RII subunit of PK-A (Carrera et al., 1994)was indeed present throughout both regions of the mouse
sperm FS and that related molecules were not found within
the mature sperm tail axoneme, ODF, or other regions of
the mouse sperm ¯agellum. Thus, any model to explain the
mechanism of assembly of the FS must take into account
the dual-domain structure of the FS as well as its association
with the axoneme, its binding of the regulatory subunit of
PK-A, and the transport of FS protein to its site of assembly
in the developing ¯agellum. FIG. 2. Schematic diagram of the features of pro-AKAP82. Pro-
AKAP82 is synthesized in condensing spermatids as an 840-amino-
acid protein (Mr 97,000). In sperm, most of the precursor is foundAnti-DYSKIPSEN Speci®cally Detects the Pro
as a smaller protein, AKAP82 (Mr 82,000), with the new N-terminusDomain of the AKAP82 Precursor
starting at residue 180 (Carrera et al., 1994). The DYSKIPSEN pep-
AKAP82 is synthesized as a precursor (pro-AKAP82) dur- tide sequence (residues 137±145) was used to make an antibody
that speci®cally recognizes the pro domain of pro-AKAP82.ing spermiogenesis (Carrera et al., 1994). To evaluate the
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spermatids (Fig. 4, anti-DYSKIPSEN panel). AKAP82 also
demonstrated a mobility shift to Mr 78,000 on blots that
were probed with anti-AKAP82 (Fig. 4, anti-AKAP82 panel).
These data suggest that p109 is a phosphorylated form of
pro-AKAP82 and that, similar to the major rat FS protein
(Brito et al., 1989), AKAP82 of mouse sperm is also a phos-
phoprotein. Inclusion of vanadate, an inhibitor of phospha-
tase activity, in the reaction cocktail blocked the conver-
sion of p109 and AKAP82 to the lower molecular weights,
con®rming that the effect seen was due to dephosphoryla-
tion and not proteolysis.
FIG. 3. Immunoblot of proteins from spermatogenic cells with
anti-DYSKIPSEN. Nitrocellulose immunoblots were probed with Proteolytic Processing of Pro-AKAP82 Occurs
anti-DYSKIPSEN (A) or preabsorbed anti-DYSKIPSEN (B). Pro- in a Distal-to-Proximal DirectionAKAP82 was detected in condensing spermatids (C), but not in
pachytene spermatocytes (P) or round spermatids (R). Pro-AKAP82 By ultrastructural analysis, the assembly of the FS is ®rst
was not detected in epididymal sperm (S) or in a SDS-resistant tail apparent near the distal end of the ¯agellum and proceeds
fraction (T) which contains accessory structures of the ¯agellum proximally toward the head of the developing spermatid
including the FS. Anti-DYSKIPSEN immunoreacted with a Mr (Irons and Clermont, 1982a). In this regard, the protein bio-
109,000 polypeptide (p109) and a protein of Mr 26,000 (p26) in S synthetic machinery is not present along the length of theand T.
developing ¯agellum, implying that the synthesis of pro-
AKAP82 (and other ¯agellar proteins) must occur in the cell
body. Since AKAP82 is the major FS protein, understanding
the processing of pro-AKAP82 to AKAP82 may lead to asuggested that some pro-AKAP82 remained in mature
model for the formation of the FS. However, it is not knownsperm but was posttranslationally modi®ed, resulting in a
whether the processing of pro-AKAP82 to AKAP82 occurslower relative mobility by SDS±PAGE (i.e., Mr 109,000) (see in the cytoplasm of the condensing spermatid prior to itsbelow).
movement to the ¯agellum or in the developing ¯agellumIn addition to detecting p109 in mature sperm and in an
as the FS is assembled. To address this question, indirectSDS-resistant tail fraction, anti-DYSKIPSEN identi®ed a Mr immuno¯uorescence assays with permeabilized mouse tes-26,000 polypeptide (p26) in these fractions (Fig. 3A). This
ticular spermatids and cauda epididymal sperm were per-protein apparently represented the pro domain of pro-
formed. In late testicular spermatids, the entire length ofAKAP82 since this region has a predicted molecular mass
the principal piece of the developing ¯agellum bound anti-of 19,992. The existence of p26 suggests that the processed
DYSKIPSEN, indicating that the antibody was speci®c forpro domain of pro-AKAP82 was not immediately degraded
the FS (Fig. 5A). In addition, there was staining of the sper-after cleavage and that some of this fragment remained asso-
matid cell bodies which give rise to residual bodies, consis-ciated with the FS of mature sperm.
tent with other studies concerning the biosynthesis of the
¯agellar accessory structures (Clermont et al., 1990). The
staining was blocked by preabsorption with the DYSKIP-Posttranslational Modi®cations of Pro-AKAP82
SEN peptide, con®rming the speci®city of the antibody (Fig.
5C). The presence of pro-AKAP82 in the principal piece ofBased on amino acid composition, the major Mr 80,000
protein of the rat FS is homologous to AKAP82 (Carrera et late testicular spermatids indicated that the precursor was
transported from the site of synthesis in the cell body toal., 1994). This rat FS polypeptide is phosphorylated on ser-
ine residues (Brito et al., 1989). Glantz et al. (1993) reported the site of assembly in the FS, prior to processing to the
mature protein, AKAP82.that AKAPs primarily contain serine phosphorylation sites
for PK-A and computer analysis of the AKAP82 amino acid Immuno¯uorescence analysis of mature epididymal
sperm with anti-DYSKIPSEN revealed punctate immunore-sequence identi®ed several canonical sites for PK-A-depen-
dent phosphorylation (data not shown). To determine activity that was restricted to the proximal third of the
principal piece (Fig. 6A). There was no immunoreactivitywhether p109 represented a phosphorylated form of pro-
AKAP82 in epididymal sperm, ¯agellar proteins were detected in the distal portion of the principal piece (Figs.
6A and 6B, insets). The low immunoreactivity observed intreated with alkaline phosphatase. After an overnight incu-
bation with alkaline phosphatase, the proteins were sepa- the head was considered nonspeci®c since the staining was
inconsistent (not shown). Preabsorption with the DYSKIP-rated by SDS±PAGE under reducing conditions and trans-
ferred to nitrocellulose. The blots then were probed with SEN peptide blocked reactivity of the antibody with the
sperm tail (Fig. 6C). Although anti-DYSKIPSEN cannot dis-either anti-DYSKIPSEN or anti-AKAP82. Under these con-
ditions, p109 of mature sperm was found to shift to Mr tinguish between p109 and p26 by indirect immuno¯uo-
rescence, the absence of reactivity in the distal region of97,000 and comigrated with pro-AKAP82 of condensing
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8767 / 6x32$$$121 12-04-97 23:09:31 dba
345AKAP82 Assembly in the Mouse Fibrous Sheath
FIG. 4. Alkaline phosphatase treatment of mature epididymal sperm proteins probed with anti-DYSKIPSEN (left) or anti-AKAP82 (right).
Dephosphorylation of p109 was assessed by comparing its relative mobility to the Mr 109,000 polypeptide observed in whole sperm (Sp)
and pro-AKAP82 (Mr 97,000) observed in condensing spermatids (Cs). In the alkaline phosphatase-treated sample probed with anti-
DYSKIPSEN, p109 had a mobility similar to Mr 97,000, while in the nontreated sample, the mobility of p109 did not change. Similarly,
a mobility shift was detected for AKAP82 to Mr 78,000 when probed with anti-AKAP82. The mobility shifts were inhibited when the
alkaline phosphatase treatment was performed in the presence of vanadate.
the tail indicated the absence of proteins containing the unlike AKAP82 some RII remained soluble in sperm. A
further redistribution of these components (AKAP82, RII,DYSKIPSEN sequence (e.g., p109 and p26). Immunoelectron
microscopy (Fig. 1) and previous studies with anti-AKAP82 RI, or C) does not occur during sperm capacitation, although
the activity of PK-A increases in a capacitation-dependent(Carrera et al., 1994) demonstrated that the mature AKAP82
protein was present throughout the principal piece. manner (Visconti et al., 1997).
Redistribution of PKA, Pro-AKAP82, and AKAP82 Localization of AKAP82/PKA Components to the
during Spermatogenesis Flagella during Spermatogenesis
Combining the results above with the assembly-compe-An extension of the assembly-competence model predicts
that pro-AKAP82 of testicular germ cells would not be as tence model for the formation of the ®brous sheath, PK-A
could either be transported to the ®brous sheath indepen-tightly associated with the cytoskeleton as would AKAP82
of mature sperm. To test this hypothesis, germ cells and dently or as a complex with pro-AKAP82. Since this FS
protein precursor has the ability to bind RII in vitro (Carrerasperm were subjected to a sequential extraction with mild
detergent. When germ cells were extracted with 0.1% Tri- et al., 1994), the transport of pro-AKAP82 to its site of as-
sembly could be responsible for the sequestration of PK-Aton X-100, pro-AKAP82 was present in the soluble fraction
of condensing spermatids in the testis. However, both in the FS. However, using an anti-RIIa antiserum, the RII
subunit of PK-A was not detected in the FS simultaneouslyAKAP82 and p109 in sperm were almost totally resistant to
these extraction conditions and remained in the particulate with pro-AKAP82 in late testicular spermatids (Fig. 8).
Rather, RII localized to the midpiece while pro-AKAP82fraction even after extraction with Triton X-100 and DTT
(not shown). This result indicates that virtually all of the was found in the principal piece in these cells. This ®nding
suggests that pro-AKAP82 migrates to the FS prior to theAKAP precursor was converted to an insoluble cytoskeletal
form, coincident with the modi®cation of pro-AKAP to appearance of RII in the principal piece and does not trans-
port RII to this region of the tail. However, a second germAKAP82 and p109. The movement to the particulate frac-
tion and the posttranslational modi®cation of pro-AKAP82 cell AKAP, S-AKAP84 (Lin et al., 1995), is found simultane-
ously with RII in the mitochondrial sheath in testicularoccurred late in spermiogenesis or early during the sperm's
transit through the epididymis since both proteins were en- sperm (data not shown) and may act to transport/sequester
PK-A to the ¯agellum during spermiogenesis.tirely Triton-insoluble in caput sperm.
Since AKAP82 binds the RII subunit of PK-A, we were
interested in determining whether subunits of the kinase,
particularly RII, showed a similar movement from the solu- DISCUSSION
ble to the insoluble component during spermatogenesis.
Similar to pro-AKAP82, the RII subunit of PK-A was present Assembly of the Fibrous Sheath during Mammalian
in the Triton X-100-soluble fraction of developing germ Spermiogenesis
cells (Fig. 7). In sperm a large portion of the RII also translo-
cated to the particulate fraction, consistent with the hy- The results presented in this study expand our current
knowledge concerning the assembly of the ®brous sheathpothesis that AKAP82 binds RII in the ¯agellum. However,
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FIG. 5. Immuno¯uorescence (A, C) and the corresponding phase-contrast (B, D) views of testicular germ cells (prepared without enzymatic
treatment to keep the tails intact) incubated with anti-DYSKIPSEN (A) or with the preabsorbed anti-DYSKIPSEN (C). Immunoreactivity
is detected throughout the entire length of the principal piece (delimited by arrows) of a testicular sperm, but not in the midpiece or end
piece of the tail. Some staining is observed in the cytoplasmic droplet (open arrow) which is eventually eliminated during the later stages
of sperm maturation. Bars  5 mm.
and the functions of AKAP82, the major FS protein. Figure proteins from aggregating into stable complexes in the cyto-
plasm, prior to their assembly into the FS in the ¯agellum.9 summarizes our results to date, demonstrating that
AKAP82 is synthesized as a precursor, pro-AKAP82, in the One possibility is that a precursor such as pro-AKAP82 may
be incapable of such a premature aggregation. The removalcell body of late spermatids. The vast majority of the mouse
pro-AKAP82 is converted to AKAP82. Some of the pro do- of the N-terminal pro domain by proteolysis could serve to
inhibit the transport of the mature protein away from itsmain (p26) cleaved from the precursor is not degraded and
is also found in sperm. The small amount of the precursor site of assembly and/or could promote the assembly of
AKAP82 into a stable FS structure. In support of this model,that is not proteolytically processed is phosphorylated and
also remains in sperm as p109. pro-AKAP82 can be extracted from spermatids with Triton
X-100 but mature AKAP82 and the phosphorylated precur-The abundance of FS proteins in the cytoplasm of devel-
oping spermatids raises the question of what prevents FS sor, p109, cannot be extracted from sperm under these con-
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FIG. 6. Immunoreactivity of epididymal sperm with anti-DYSKIPSEN. Immuno¯uorescence (A, C) and the corresponding phase-contrast
(B, D) views of sperm incubated with anti-DYSKIPSEN (A) or the preabsorbed anti-DYSKIPSEN (C). Immunoreactivity is localized in a
punctate pattern to the proximal region of the principal piece (arrow indicates the midpiece/principal piece junction). Insets (A, B) show
entire principal piece (arrow indicates distal region of the principal piece). Bar  10 mm.
ditions. The results indicate that the precursor is synthe- Processing of Pro-AKAP82 to AKAP82 Occurs
sized as an assembly-incompetent form that is then trans- in a Distal-to-Proximal Direction
ported to the site of assembly and is posttranslationally
As demonstrated by electron microscopic radioautogra-processed (proteolysis, phosphorylation, and perhaps other
phy of radiolabeled amino acids incorporated into the ¯a-modi®cations) into an assembly-competent form. The pres-
gellar structures of rat sperm, the assembly of the FS is aence of p26 in the mouse FS is also signi®cant since proteins
lengthy multistep process which extends from steps 2 toof Mr 20,000±30,000 are present in the rat FS as well (Olson
17 of rat spermiogenesis (Irons and Clermont, 1982a). Theet al., 1976). On a functional level, the processing and as-
anlagen of the FS are ®rst apparent at step 2 and the longitu-sembly of AKAP82 into the FS precedes the arrival of RII
dinal columns and the ribs of the rat FS are assembled in ain the principal piece (Figs. 4 and 8). Since we have mapped
distal-to-proximal direction. While the FS proteins are mostthe RII-binding site to a 14-amino-acid domain near the N-
prominent and widely distributed over the whole cytoplasmterminus of mature AKAP82 (see Visconti et al., 1997) and
of spermatids at steps 15±17 (Clermont et al., 1990), thepro-AKAP82 has the ability to bind RII in vitro, removal of
mature sperm FS is highly organized and present only inthe pro domain may cause a conformational change in the
the principal piece of the tail. Thus, the majority of the FSprotein or release some other protein such as a chaperone,
proteins including pro-AKAP82 must be synthesized in theleading to the exposure of the RII-binding site in the native
cell body, transported down the axoneme to the distal por-AKAP82. Studies of animal models and men with dysplasia
tion of the principal piece, associate in some manner toof the ®brous sheath (Chemes et al., 1987) will provide
form the transverse ribs and longitudinal columns, and sta-additional insights into this interesting problem of organ-
elle biogenesis. bilize into a detergent-resistant structure. However, one FS
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FIG. 8. Immunoreactivity of testicular germ cells and epididymal
sperm with anti-RII. Immuno¯uorescence (A, C) and the corre-
sponding phase-contrast (B, D) views of testicular germ cells (pre-
FIG. 7. Redistribution of pro-AKAP82, AKAP82, and RII during
pared without enzymatic treatment to keep the tails intact) (A, B)
spermatogenesis. Testicular germ cells (prepared without enzy-
and epididymal sperm (C, D) incubated with anti-RII. Immunoreac-
matic treatment to keep the ¯agella intact) (GC) and sperm from
tivity in late testicular spermatids was limited to the midpiece of
both the caput (Cp) and cauda (Cd) regions of the epididymis were
the ¯agellum. In contrast, pro-AKAP82 was localized to the princi-
prepared and extracted with Triton X-100. Soluble (Tx Sol.) and
pal piece in these cells. In mature sperm, immunoreactivity with
insoluble (Tx Insol.) proteins were prepared, separated by gel elec-
anti-RII was observed throughout the tail, including the principal
trophoresis, and probed with anti-DYSKIPSEN (top), anti-AKAP82
piece.
(middle), and anti-RII (bottom). Pro-AKAP82, the precursor of AKA-
P82 which is transcribed and translated in spermatids, is almost
exclusively Triton X-100-soluble in germ cells. However, in both
caput and cauda sperm both AKAP82 and p109 (the phosphorylated
form of pro-AKAP82) have been translocated almost entirely to the 7), the processing of pro-AKAP82 to AKAP82 must have
particulate fraction. Similar to pro-AKAP82, the RII subunit of PK- taken place prior to the arrival of sperm in the caput epididy-
A was present in the Triton X-100-soluble fraction of developing mis. In addition, anti-DYSKIPSEN reacted only to the proxi-
germ cells. In sperm a large portion of the RII also was in the mal third of the principal piece of cauda epididymal sperm
particulate fraction, consistent with the hypothesis that AKAP82
binds RII in the ¯agellum.
protein has been detected ®rst in the proximal region of the
principal piece prior to its localization throughout the entire
FS (Sakai et al., 1986). Regardless, the mechanism of protein
transport to the developing principal piece is unknown.
With anti-DYSKIPSEN, pro-AKAP82 was not detectable
in pachytene spermatocytes, cells that do not have ¯agella.
While the precursor could be detected at low levels in round
spermatids, cells which contain a primary ¯agellum, it was FIG. 9. Model of events occurring during the assembly of the
abundant in condensing spermatids, cells where the FS is mouse sperm ®brous sheath. Pro-AKAP82 is made as a soluble
precursor in the cell body of late spermatids and is transporteddetected and becomes organized (Carrera et al., 1994). In
down the tail to the site of assembly into the FS. As the spermatidsaddition, anti-DYSKIPSEN reacted to the whole length of
differentiate into sperm, most of the pro-AKAP82 is converted tothe principal piece of late testicular spermatids, strongly
mature AKAP82 and p26 by proteolysis. In addition, AKAP82 be-indicating that pro-AKAP82 was synthesized in the cell
comes phosphorylated at some point during the maturation of thebody and was then transported to the periaxonemal com-
cell. Some pro-AKAP82 is retained in the sperm tail as a phosphory-partment prior to processing.
lated form, p109. Although the speci®c sites of phosphorylation
The presence of pro-AKAP82 in the principal piece of late have not been mapped, AKAP82 and p109 are arbitrarily labeled
testicular spermatids indicates that its proteolytic modi®- with P to indicate that they are phosphorylated proteins. In addition
cation to AKAP82 occurred after its localization to the FS. to proteolysis and phosphorylation, AKAP82, p26, and p109 are
Since AKAP82 was detected with anti-AKAP82 (and p26 converted into a Triton X-100-insoluble state as the germ cell ma-
tures.was detected with anti-DYSKIPSEN) in caput sperm (Fig.
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(Fig. 6). Since the ultrastructural studies of Irons and Cler- Implications for the Assembly of the
Fibrous Sheathmont (1982a) using metabolic labeling and autoradiography
indicate that the assembly of the FS is initiated at the distal These results and other studies from our group and other
end of the principal piece and continues in a retrograde laboratories have profound implications for the assembly of
fashion, processing appears to have begun in the distal re- the ®brous sheath. First, there are the genetic implications.
gion of the tail and to have proceeded proximally toward AKAP82 is expressed late during spermiogenesis (Carrera
the head. Alternatively, it is possible that processing oc- et al., 1994; Fulcher et al., 1995), a haploid phase when the
curred in another manner and that p109 and p26 were selec- sex chromosomes are generally considered inactive. How-
tively retained in the proximal region of the principal piece. ever, AKAP82 is encoded by the X-chromosome (Moss et
al., 1997), indicating that the mRNA or its protein product
must be shared among conjoined spermatids through thePro-AKAP82 and AKAP82 Are Phosphoproteins
intercellular bridges of a clonal syncytium. Thus, males
AKAPs have the ability to bind PK-A in vitro and are with AKAP82 gene defects that disrupt ®brous sheath pro-
thought to serve as anchors within cells to maintain PK-A tein function would probably be sterile since they carry only
in close proximity to its substrates (Coghlan et al., 1993). a single copy of the AKAP82 allele. A second implication
Many AKAPs contain serine phosphorylation sites for PK- is that pro-AKAP82 must be imported from the cytoplasm,
A, suggesting that protein phosphorylation may be a mecha- where the protein synthetic machinery is present, to the
nism for regulating the functions of the AKAPs (Glantz et periaxonemal compartment for assembly into the FS. Third,
al., 1993). Consistent with these studies, the major 75,000± since pro-AKAP82, in addition to AKAP82, is capable of
80,000 Mr rat FS protein is phosphorylated on serine resi- binding the RII subunit of PK-A (Carrera et al., 1994), it
dues (Brito et al., 1989) and phosphorylation of a human FS is possible that the transport of pro-AKAP82 to its site of
protein of Mr 97,000 was demonstrated to take place in the assembly is responsible for the sequestration of PK-A in the
testis prior to the transport of sperm into the epididymis FS. However, using an anti-RIIa antiserum, the regulatory
(Jassim et al., 1991). Furthermore, we have recently demon- subunit of PK-A was not detected in the FS simultaneously
strated that major tyrosine-phosphorylated proteins of hu- with pro-AKAP82 in testicular sperm, indicating that pro-
man sperm are the human homologues of pro-AKAP82 (Mr AKAP82 migrates to the FS prior to the appearance of RII
97,000) and AKAP82 (Mr 82,000) (Carrera et al., 1996). While in the principal piece. Finally, maturation of the male germ
neither mouse sperm pro-AKAP82 (i.e., p109) nor AKAP82 cell leads to a conversion of (pro-)AKAP82 from a Triton-
were phosphorylated on tyrosine residues (not shown), both soluble protein to a Triton-insoluble protein, indicating that
contain putative serine/threonine phosphorylation sites and additional steps, including perhaps disul®de bonding (Bed-
were shown to be phosphorylated since they exhibited mo- ford and Calvin, 1974), could also be involved in the com-
bility shifts after alkaline phosphatase treatment (Fig. 4). plex process of ®brous sheath assembly.
In addition to the ability to immunoreact with both anti-
AKAP82 and anti-DYSKIPSEN, p109 is capable of binding
the RII subunit. These data indicate that pro-AKAP82 and ACKNOWLEDGMENTS
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